Abstract-We report on signal-to-noise ratio measurements carried out in the continuous wave regime, at different bias voltages, frequencies, and temperatures, on a class of silicon photomultipliers fabricated in planar technology on silicon p-type substrate. Signal-to-noise ratio has been measured as the ratio of the photogenerated current, filtered and averaged by a lock-in amplifier, and the root mean square deviation of the same current. The measured noise takes into account the shot noise, resulting from the photocurrent and the dark current. We have also performed a comparison between our SiPMs and a photomultiplier tube in terms of signal-to-noise ratio, as a function of the temperature of the SiPM package and at different bias voltages. Our results show the outstanding performance of this class of SiPMs even without the need of any cooling system.
I. INTRODUCTION

M
EASUREMENTS of low photon fluxes require high responsivity and a remarkable signal-to-noise ratio (SNR). Besides, photodetector research is pushing towards the pixel miniaturization in order to obtain improved spatial resolution and ever smaller dimensions.
In this perspective, conventional vacuum photomultiplier tubes (PMTs) and ordinary avalanche photodiodes (APDs) will be replaced, in the near future, by silicon photomultipliers (SiPMs) [1] , [2] . These photodiodes present independent photon counting microcells connected to a common analog output able to produce a summation signal proportional to the number of detected photons [3] - [9] .
SiPMs have several advantages compared to PMTs: higher quantum efficiency (particularly in the near infrared), low operating voltage (<30 V), good gain (>10 6 ), very small size, reduced power requirements, reduced sensibility to voltage fluctuations and temperature, and almost complete insensitivity to magnetic fields [6] - [14] . Moreover, inexpensive SiPMs have typical advantages of the planar integration process [15] , [16] . Therefore, they offer an effective and alternative solution combining the advantages of PMTs and APDs. In fact, solid-state technology and improved integration process allowed to employ these devices in medical imaging systems, such as positron emission tomography [17] - [20] . High gain, excellent timing properties, and insensitivity to magnetic fields could guarantee new SiPM applications in several fields. At the present time, SiPMs are mainly employed in photon counting mode, in conjunction with pulsed lasers [1] - [3] , [10] - [16] , [21] , [22] and, therefore, the dark noise is the main noise source. However, SiPMs can be used in the continuous wave (CW) regime in several applications, such as very low power measurements (less than 1 pW) [23] , as disposable sensors in immunoassay tests [24] and, above all, in CW near-infrared spectroscopy systems [25] - [32] . For this reason, it is important to investigate the effect of SNR in these operative conditions [33] - [35] . In the CW regime, at very low optical intensities, the shot noise component, arising from photon statistical fluctuations, must be taken into account [27] , [36] , [37] .
In this paper, SNR measurements on a class of SiPMs have been carried out. This characterization has been performed in the CW regime as a function of the applied bias, of the reference frequency and of the temperature of the SiPM package. Furthermore, the same measurements have been performed on a PMT, thus obtaining a comparison between these two classes of devices in terms of SNR.
II. DESCRIPTION OF THE DEVICE
SiPM fabrication technology is based on single-photon avalanche diode (SPAD) pixels. The SiPM device has been designed with a 3.5 × 3.5 mm 2 active area, encased in a 5 × 5.5 mm 2 package, and consist of a 3600 SPAD array (60 × 60 pixels) with a 58 μm pixel pitch size, a 45% fill factor and a breakdown voltage (BV) of about 28.0 V.
Each SPAD needs a quenching circuit obtained via a low doped polysilicon resistor. The latter is present in each single pixel [38] and has a value of 256 kΩ. The series of each SPAD and its quenching resistor are connected in parallel. Details about the fabrication are extensively explained in [33] .
III. EXPERIMENTAL RESULTS AND DATA ANALYSIS
A. Electrical Characterization
An electrical characterization of the SiPM has been carried out in forward and reverse current, by using a Keithley 2440 semiconductor parameter analyzer. These measurements were performed at controlled room temperature and in dark conditions.
Below the BV, a reverse current significantly less than 10 nA is observed [see Fig. 1 (a)] [33] . This is in agreement with the level of dark current measured in these devices at room temperature. At a reverse bias value of 28.0 V, the BV is reached and a steep increase of the SiPM generated current is observed. In particular, the steepest slope is approximately located within the first volt above the breakdown, while a linear behavior of the I-V characteristic (on semilogarithmic scale) is detected from 30 to 35 V [see Fig. 1 (a)] [33] . In forward bias [see Fig. 1(b) ], above the threshold of 0.6 V, the current is limited by the quenching resistor [39] . Therefore, its value can be extrapolated by measuring the slope of the linear region, resulting in a value of 71 Ω for the overall SiPM quenching resistor. Indeed, such an equivalent resistor corresponds to the parallel of all the 256 kΩ quenching resistors [33] .
B. SNR Measurements
Noise in SiPMs is mainly due to shot noise and thermal noise [13] .
As regards the shot noise, because of statistical fluctuations of both the photogeneration and the thermal-generation processes, the average overall current flowing through the SiPM (I o ) includes a superimposed ac component. The total generation rate is a random variable with a Poissonian probability distribution, so that the spectral density of its noise is 2eI o , where e is the electron charge [40] , [41] . Therefore, the overall shot noise current i o (RMS) is given by where F is the excess noise Factor of the SiPM, B is the frequency bandwidth of the noise measurement system and μ is the gain of the SiPM. In more detail, the overall shot noise is given by the shot noise of each component of the current, i.e., signal (i s ), dark (i d ) and background (i b ) shot noise currents, given by (RMS values)
where I s , I d and I b are the average signal, dark and background currents, respectively. The presence of F in (1) and (2) and its physical meaning can be explained as follows. In SiPMs, pixel-to-pixel gain variations, cross-talk (due to the migration of photons towards neighboring pixels) and afterpulsing [13] (caused by trapping centers in the depletion region), introduce an increased noise contribute. This multiplication noise can be numerically expressed-in a similar way as usually done for PMTs and APDs operated below breakdown-in terms of the "excess noise factor", F [42] .
As stated above, another cause of noise in SiPMs is the thermal noise. In addition to the real signal, electron/hole pairs can also be generated in the SiPM depletion region because of either thermal generation of carriers through shockley-read-hall recombination-generation centers or bulk diffusion of minority carriers from the quasi-neutral region. Generation of electron/hole pairs and bulk diffusion represents the characteristic thermal noise of this type of devices and, being undistinguishable from the real signal, sets a limit for the ultimate sensitivity in SiPMs. In the absence of light, the electrical effect of these mechanisms is referred to as dark current (showing an average value named I d ) [5] .
The experimental setup, employed for our continuous wave SNR measurements, is shown in Fig. 2 . The optical power provided by a HeNe laser (λ = 632.8 nm) was attenuated by means of some neutral density filters and controlled through a halfwave plate and a Glan-Thompson cube polarizer. This system allowed us to finely tune the optical power down to few picowatts. The laser beam was sent either on the SiPM active area under test or on a reference PMT (Hamamatsu R928)- previously calibrated and used to estimate the optical power incident on the SiPM-depending on the position of a flipping mirror.
The SiPM was biased using a stabilized power supply and a SMD resistor (50 Ω, sensing resistor), connected between the cathode and the ground. This resistance is in parallel with the input resistance of the measurement system (100 MΩ), thus providing an equivalent resistance of R eq ≈ 50 Ω.
The SiPM and the biasing circuit were located in a metal black box, being thus shielded from ambient light and electromagnetic noise. A 25-mm focal length lens was placed between the flipping mirror and the SiPM, making sure that the light spot covered the whole active area of the device. During measurements, the temperature of the SiPM package was controlled through a Peltier cell placed in the back side of the device, whereas a PT100 thermistor allowed us to record the temperature of the SiPM package. In order to perform low optical power measurements, a lock-in amplifier was connected to both the SiPM and the PMT outputs, while a readout system (SpectrAcq2) digitized the signal and allowed data acquisition [34] .
Following our set-up description, we can underline that some of the above-mentioned noise contributions are negligible. In particular, since background light is not present in our setup, i b is close to zero.
Furthermore, the noise coming from the resistance R eq provides a contribution given by
where k B is the Boltzman constant, and T is the absolute temperature. This contribution is negligible with respect to the measured shot noise currents for all our experimental conditions. It is also worth noting that the electronic noise introduced by the measurement system can be neglected.
On the other hand, noise contributions provided by the shot noise of the signal current (i s ) and the shot noise of the dark current (i d ), as well as the thermal noise (i.e., average dark current I d ), need to be taken into account. A typical temporal trend of the SiPM response to a chopped optical beam, as observed at the oscilloscope, is shown in Fig. 3 , where signal and noise contributions have been highlighted. Unlike the shot noise, SiPM average dark current is an offset term and it can be filtered through a simple external dc removal circuit. For this reason, in our paper, we focus the attention on the SNR measurements, expressed by the ratio of the SiPM average signal (photogenerated) current I s and the RMS deviation of the overall current (i.e., the overall shot noise current i o ).
We employed a lock-in amplifier and an optical chopper system (working at a frequency of 183 Hz) in order to acquire I s after noise removal, while I o and I d were acquired via a multimeter. The RMS deviation was provided by the lock-in amplifier set in the "noise measurement" mode. We employed a B = 10 Hz equivalent noise bandwidth, around the lock-in amplifier reference frequency, the latter supplied by a waveform generator. The measured noise only takes into account the shot noise, resulting from the photocurrent and the dark current.
SNR measurements were performed with a constant incident optical power of 11 pW, so to be sure that the SiPM behavior was linear up to, at least, 35.3 V [33] . Fig. 4 illustrates our measurements of i o as a function of I o at different overvoltages (OVs, i.e., volts above breakdown). The interpolation of such data follows a square root trend, in good agreement with (1) .
From data shown in Fig. 4 , the product F·μ has been extrapolated for each OV value. In order to determine F, we have performed SiPM gain measurements. We employed a PiLas laser with 405 nm emission wavelength and 40 ps pulse duration (full width at half maximum). Variable neutral density filters and an optical disk diffuser allowed us to both reduce the light intensity and to uniformly illuminate the active area of the SiPM. The laser beam was constantly monitored during the characterization by means of a calibrated reference diode. The output charge spectra were acquired through a CAEN QDC V965A connected to a PC via a CAEN V 1718 USB bridge, both inserted in a CAEN VME 8002 crate (without using any amplification stage). Signals were visualized through a 1 GHz bandwidth oscilloscope.
The gain value was extrapolated from single photoelectron charge spectra [4] obtained with an integration time of 400 ns. The integration window was set to completely integrate the pulse shape of the SiPM under test.
For each photoelectron peak, a histogram, representing the distribution of the associated avalanche charge, was produced. Each histogram was fitted with a Gaussian function (of variance , whose centroid represents the average charge associated to the corresponding peak. The charge increment between adjacent photoelectron peaks exactly corresponds to the output charge of one detected photon. The gain μ was obtained dividing this quantity by the electron elementary charge [4] . Fig. 5 shows μ as a function of the applied OV and its linear best fit. Following the measurements shown in Fig. 4 and gain measurements, we calculated the values of F at different OVs. As shown in Fig. 6 , F increases with the OV. This trend cannot be due to the portion of the excess noise factor coming from pixel-to-pixel gain fluctuations (F p ) calculated from the single electron distribution, by using
where σ 2 μ is the variance of the SiPM gain μ [42] . Indeed, employing (4), we obtained a quasi-constant value of F p (F p ≈ 1.004) in all the examined OV range (up to OV = 5.5 V). This means that the abovementioned gain fluctuations can be considered reasonably small for the photodetector under test.
On the other hand, the increase of F [42] can be ascribed more to optical crosstalk than to afterpulsing. Even if the crosstalk probability can be only slightly higher than the afterpulsing probability, it is important to focus on their charge contributions. Indeed, the charge contribution of the former is about four times the charge contribution of the latter [43] . 
where P is a quadratic crosstalk probability as a function of the OV, given by (6) [45]
As shown in Fig. 6 , we obtained the best-fit of our F measurements with k = 3.2 × 10 −2 up to OV = 5.5 V. Such a choice for k provides P values that are comparable to what previously reported in literature. For example, at OV = 3 V, P is 16.1% (i.e., 12.8% + 3.3%, sum of crosstalk and afterpulsing probabilities, respectively) in [43] , while it results 28% in our analysis. Fig. 7 shows the SiPM SNR versus the applied OV at λ = 632.8 nm and at three different temperatures (3, 28, 75°C) of the SiPM package. The legend shows the applied reverse bias voltages between the anode and the cathode of the device, while the applied OV, depicted in the x-axis, has been estimated taking into account the BV shift with temperature (BV = 28.0 V at room temperature). The same figure exhibits a quasi-flat trend up to an OV of about 5 V. This is what we expected, indeed, at low OVs, the increase of F can be neglected (see Fig. 6 ) if compared to the increase of μ and I o . I s , I o and μ are proportional to the OV. As a consequence (see Eq. 1), also i o is proportional to the OV. Hence, both the numerator (I s ) and the denominator (i o ) of SNR grow linearly with the OV and, therefore, we expect SNR exhibits a flat trend as confirmed by our measurements.
At higher OVs, we have observed the SNR decrease, because of the strong increase of the shot noise and of F and the decrease of the signal current. Fig. 8 depicts the SNR of the investigated SiPM as a function of its package temperature and at different bias voltages. In the case of room temperature, we have also compared the SiPM SNR with the SNR of a PMT (Hamamatsu R928). SiPM performances are outstanding, since its SNR is only 6-7 dB below the PMT SNR, at the same temperature. Moreover, cooling the SiPM package, by means of a Peltier cell, at a temperature of 3°C, it reaches the PMT SNR values. Such a result has been achieved biasing the SiPM up to 32.5 V against a bias up to 950 V for the PMT. Finally, we repeated our measurements at different lock-in amplifier reference frequencies in the range 1-100 kHz. We have found the same results shown above and, therefore, we can conclude that SiPM SNR is constant in the explored frequency range.
IV. CONCLUSION
In this paper, we reported on the electrical and the optical characterization in terms of SNR, in the CW regime, of a class of SiPM, fabricated on a silicon p-type substrate. In particular, we have shown, for the first time, our SiPM SNR measurements as a function of the applied bias, of the reference frequency and of the temperature of the SiPM package. Similar measurements were also performed on a PMT, in order to make a comparison. A 10 Hz equivalent noise bandwidth was employed, around the lock-in amplifier reference frequency. Furthermore, excess noise factor measurements were performed and explained.
Our results highlight the outstanding performance of this class of SiPMs, even without the need of any cooling system. Indeed, their SNR is only 6-7 dB below the PMT SNR at room temperature. Furthermore, cooling the SiPM package at a temperature of the Peltier cell of 3°C, it reaches the PMT SNR values at room temperature, even if the SiPM is biased in the range of 28.7-33.5 V, against a bias value up to 950 V of the PMT.
